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Objective: Post-traumatic arthritis is a frequent cause of disability and occurs most commonly and
predictably after articular fracture. The objective of this investigation was to examine the effect of
fracture severity on acute joint pathology in a novel murine model of intra-articular fracture.
Design: Low and high energy articular fractures (n¼ 25 per group) of the tibial plateau were created in
adult male C57BL/6 mice. The acute effect of articular fracture severity on synovial inﬂammation, bone
morphology, liberated fracture area, cartilage pathology, chondrocyte viability, and systemic cytokines
and biomarkers levels was assessed at 0, 1, 3, 5, and 7 days post-fracture.
Results: Increasing intra-articular fracture severity was associated with greater acute pathology in the
synovium and bone compared to control limbs, including increased global synovitis and reduced peri-
articular bone density and thickness. Applied fracture energy was signiﬁcantly correlated with degree of
liberated cortical bone surface area, indicating greater comminution. Serum concentrations of hyaluronic
acid (HA) were signiﬁcantly increased 1 day post-fracture. While articular fracture signiﬁcantly reduced
chondrocyte viability, there was no relationship between fracture severity and chondrocyte viability,
cartilage degeneration, or systemic levels of cytokines and biomarkers.
Conclusions: This study demonstrates that articular fracture is associated with a loss of chondrocyte
viability and increased levels of systemic biomarkers, and that increased intra-articular fracture severity
is associated with increased acute joint pathology in a variety of joint tissues, including synovial
inﬂammation, cortical comminution, and bone morphology. Further characterization of the early events
following articular fracture could aid in the treatment of post-traumatic arthritis.
 2011 Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.Introduction
Post-traumatic arthritis (PTA) is a frequent cause of disability
following trauma of weight-bearing joints, and it is estimated that
12% of the nearly 21 million Americans with symptomatic osteo-
arthritis (OA) have a post-traumatic etiology1,2. PTA can develop
after a variety of joint injuries but occurs commonly after intra-
articular fracture2. Importantly, more severe fractures, character-
ized by greater displacement of the articular surface and
subchondral bone and greater degree of comminution, have
a worse prognosis3. Thus energy of injury and subsequent: S.A. Olson, Duke University
USA. Tel: 1-919-668-3000;
n).
ipt and share ﬁrst authorship.
Elsevier Ltd on behalf of Osteoartintra-articular fracture severity may play a fundamental role in the
pathologic progression of PTA and also serve as an important
prognostic indicator for clinical outcomes3,4.
While various types of joint trauma can cause PTA, the mecha-
nisms by which the extent of injury severity may lead to increased
joint degeneration are unclear5e10. Loss of chondrocyte viability
following traumatic impact at the time of intra-articular fracture
may contribute to PTA11,12. Cell death and altered cartilage structure
can be present in a traumatized joint in the absence of articular
fracture13e16. Injuries severe enough to result in intra-articular
fracture, however, undoubtedly involve cell death and altered
cartilage structure as well17,18. Pro-inﬂammatory cytokines such as
interleukin (IL)-1 and tumor necrosis factor alpha (TNF-a) are up-
regulated in injured and degenerative joints and may play an
important role in the pathogenesis of PTA19,20. The effect of artic-
ular fracture on synovial inﬂammation remains unknown, although
synovial pathology is critical in the development of various forms of
arthritis21,22.hritis Research Society International.
Table I
Grading scheme for assessment of chondrocyte viability in the mouse knee joint
from NBT staining of nucleus in viable cells. Maximum possible site score of 5 for the
medial and lateral femoral condyles and tibial plateau. Maximum possible total joint
score of 20 summed from site scores for each joint
Grade Description
0 95% viable cells in all of plateau or condyle
1 Cell death in <½ plateau or condyle, <½ depth
2 Cell death in <½ plateau or condyle, ½ depth
3 Cell death in ½ plateau or condyle, <½ depth
4 Cell death in ½ plateau or condyle, ½ depth
5 <10% viable cells in all of plateau or condyle
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articular fracture severity on acute pathology within various joint
tissues in a murine model of closed articular fracture that results in
progressive osteoarthritic changes in bone and articular cartilage
following a single periarticular injurious load23. We hypothesized
that increased energy of fracture would lead to increased intra-
articular fracture severity, which would be reﬂected in quantita-
tive measures of increased liberated cortical bone surface area
(indicating greater comminution). Furthermore, we examined the
hypothesis that increased fracture severity would be associated
with acute increases in synovial pathology, bone morphological
changes, chondrocyte death, degeneration of the articular cartilage,
and levels of circulating inﬂammatory cytokines and biomarkers.
Methods
All procedures were performed in accordance with protocols
approved by the Duke University Institutional Animal Care and Use
Committee. Fifty-six mice (male, C57BL/6, 8 weeks) were obtained
fromCharles River Laboratories. Animalswere houseduntil 16weeks
of age, at which time active growth has decreased, and peak bone
mass is achieved24,25. As described previously23, animals were
anesthetized (pentobarbital, i.p. 60 mg/kg) and placed in a custom
cradle with the left hindlimb in neutral position (90 ﬂexion). A
custom indenter applied a 10 N pre-load to the anterior aspect of the
left proximal tibial plateau, followedby compression applied at a rate
of 20 N/s. Two different loads were applied: a low energy fracture,
with a displacement limit of 3.2 mm, anda high energy fracture,with
no limit on displacement. The energy of fracturewas calculated from
load-displacement curves for each joint. Group one (n¼ 25) was
subjected to low energy fractures. Group two (n¼ 25) was subjected
to high energy. Additional mice were utilized as non-fractured
controls (n¼ 3) or shams (knee probed, fracture load omitted; n¼ 3).
All mice underwent high resolution digital radiographs (Model
MX-20 Digital, Faxitron) within 1 h to conﬁrm the presence of an
articular fracture. No ﬁxation or surgical intervention was
employed. Animals were given analgesic (buprenorphine, s.q.
0.1 mg/kg, bid) for 48 h following fracture inductions and allowed
immediate ad libitum weight bearing and motion. Mice were
sacriﬁced at 0(n¼ 8), 1(n¼ 3), 3(n¼ 3), 5(n¼ 3), and 7(n¼ 8) days
post-fracture per group. Contralateral limbs were used as controls
unless otherwise indicated. Non-fractured controls were sacriﬁced
at day 0, and sham animals were sacriﬁced at day 7.
To determine chondrocyte viability, hind limbs from three
randomly selected animals per group from all timepoints were
excised, overlying skin and musculature carefully removed, and
capsulectomy performed. Confocal microscopy with a ﬂuorescent
live/dead assay was initially attempted, but complications due to
the small size and instability of multiple osteochondral fragments
in the fractured mouse joint forced us to abandon this method-
ology. As an alternative, chondrocyte viability was assessed using
nitroblue tetrazolium (NBT). NBT is cell-permeable and metabo-
lized by live cells to form a blue formazan product which remains
stable to standard histological preparation and parafﬁn-
embedding. Various studies have documented NBT as a live cell
marker for chondrocytes26,27. Because an alternative method of
assessing chondrocyte viability was used, shams were also
assessed. For NBT analysis, limbs were incubated (5% CO2, 37C) for
24 h in 6 ml of solution containing 1.5 mg/ml NBT in Ham’s F12, 5%
fetal bovine serum (FBS), and 1% penicillin/streptomycin. Limbs
were then ﬁxed in 10% buffered formalin in a neutral position of the
limb (90 ﬂexion) for micro computed tomography (microCT)
evaluation followed by histology.
A modiﬁed grading scale was used to qualitatively assess the
percentage of live cells in the cartilage for those limbs stained withNBT (Table I). First, the central region of the joint was identiﬁed on
coronal histologic sections by the presence of the anterior cruciate
ligament and triangular shaped sections of both the medial and
lateral menisci. An additional section was chosen from an anterior
region located 120e200 mm anterior to the ﬁrst section. The medial
and lateral femoral condyles, and medial and lateral aspects of the
tibial plateau were graded separately by four blinded graders
(maximum site score 5) and then summed to calculate a total joint
score (maximum score 20) for each joint. An increasing score was
associated with increased chondrocyte death.
All hind limbs at 0 and 7 days post-fracture were scanned by
a desktop microCT system (microCT 40, Scanco Medical AG,
Bassersdorf, Switzerland). A hydroxyapatite calibration phantom
was used to calibrate bone density values (mg/cm3). Morphometric
bone parameters were determined in the distal femoral condyles,
proximal tibial plateau immediately distal to subchondral bone,
and metaphyseal region of tibia, as previously described23.
Parameters reported in the femoral condyles were trabecular bone
fraction (bone volume/total volume) and bone density (mg/cm3).
Parameters reported in the tibial plateau and metaphyseal regions
include bone volume (mm3) and bone density (mg/cm3). Sub-
chondral bone thickness was also measured in the central region of
the joint, as previously described23.
Fractures were characterized for degree of comminution by
measuring liberated surface area4 from microCT images in a subset
of animals from both low and high energy fractures (n¼ 8). Semi-
automated edge detection software employing a Canny ﬁlter
(Mathematica 6.0, Wolfram, Champaign, IL) was used to outline
cortical bone in axial CT scans with a voxel size of 161616 mm.
Spline curves were used to segment the edges of cortical bone
within each image and to create a 3D model of each joint. The
fractured joint 3D model was then aligned with its contralateral
control using an iterative closest point technique28, and the change
in surface area between the two models was calculated. The
liberated surface area was then plotted as a function of applied
fracture energy4. The effect of fracture energy classiﬁcation (low vs
high energy) on liberated surface area was also assessed.
Histologic sections were prepared of the entire knee joints from
both hind limbs of all mice. Following formalin-ﬁxation and scan-
ning with microCT, all limbs were decalciﬁed, sequentially dehy-
drated in ethanol, inﬁltrated with xylene, and parafﬁn-embedded.
Histology sections (8 mm thick) were taken in the coronal plane.
Synovial pathology in the knee following articular fracture was
evaluated at day 0 and 7 post-fracture in histologic sections from all
limbs without NBT staining (n¼ 5 per group). Due to histology
processing issues, one animal from the low energy group was
excluded. Two sections in the central and anterior regions were
stained with Harris hematoxylin and eosin (H&E). The synovial
insertion of the lateral femur, medial femur, lateral tibia, andmedial
tibia was evaluated separately using a modiﬁed form of an estab-
lished synovitis score29 (Fig. 1) for changes in synovial lining
thickness and cellular density in the synovial stroma (maximum site
Fig. 1. Histopathological assessment of synovitis (modiﬁed from Krenn et al. Histopathology 2006). Enlargement of the synovial lining cell layer and density of the cells in the
synovial stroma were individually assessed from H&E histology sections of mouse knee joints (magniﬁcation 100e200).
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synovitis and applied fracture energy or liberated surface area was
also assessed.
To evaluate cartilage pathology of the knee, histologic sections
from the central region from all joints at day 0 and 7 post-fracture
were stained with Safranin-O and fast green. A modiﬁed Mankin
histologic scoring system30,31 was used to evaluate cartilage
pathology and degenerative changes in cartilage structure, proteo-
glycan staining, tidemark duplication, ﬁbrocartilage, clones, hyper-
trophic chondrocytes, and subchondral bone thickness23,32. The
lateral femur,medial femur, lateral tibia, andmedial tibiaweregraded
separately by four blinded graders. A total modiﬁed Mankin score
representing theoverall state of the cartilage in the jointwassummed
from the scores of the individual locations (maximum score of 120).
Systemic levels of inﬂammatory cytokines, hyaluronic acid (HA),
and cartilage oligomeric matrix protein (COMP) were measured.
For these measures, it was necessary to use non-fractured andshams as controls. At the time of sacriﬁce, approximately 150 ml of
blood was collected via retro-orbital bleed followed by a cardiac
stick (randomly selected, n¼ 3e4 per group). Collected blood was
centrifuged (model IEC Centra CL3R; ThermoScientiﬁc; Waltham,
MA) at 3,500 rpm (2,450 RCF) for 15 min, and the sera were stored
at 80C until analyzed. Inﬂammatory cytokines were quantiﬁed
using the Bio-Plex Mouse cytokine 23-Plex Panel multiplex bead
assay (Bio-Rad Laboratories, Inc., Hercules, CA), which included
IL-1a, IL-1b, IL-4, IL-6, IL-10, and TNF-a. All samples were analyzed
as recommended by the manufacturer using a standard range of
0e3,200 pg/ml and a sample dilution of 1:2; utilizing a total of 30 ml
of sera. Commercially available enzyme-linked immunosorbent
assay (ELISA) kits were used for measuring HA (Corgenix, West-
minster, CO), and COMP (animal kit; AnaMar, Lund, Sweden) and
performed as per the manufacturer’s instructions.
Multifactorial analysis of variance (ANOVA) was utilized to
examine statistical differences between experimental and control
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reported at the 95% conﬁdence level (STATISTICA v.7, StatSoft, Inc.).
Log transformation was used for data not normally distributed. For
synovitis assessment, statistical analysis was performed using
nonparametric analyses with signiﬁcance reported at the 95%
conﬁdence level. Statistical analysis for correlations between
synovitis and either liberated surface area or applied fracture
energy was also performed using nonparametric analyses with
signiﬁcance reported at the 95% conﬁdence interval (CI). Correla-
tions between chondrocyte viability and other measured parame-
ters were performed using regression analysis.
Results
Overall fracture success rate was 95%. Fractures were most
commonly located in the lateral aspect of the tibial plateau due to
the orientation of the applied load. High energy fractures demon-
strated more comminution and displacement of fragments within
the tibial plateau (Fig. 2). The maximum load was signiﬁcantly
different (P¼ 0.006E-5) between the low (32 6 N) and high
energy (45 5 N) fractures. The applied energy of fracture was
signiﬁcantly different (P¼ 0.009E-10) between the low
(90 33 mJ) and high energy (177 25 mJ) fractures.
Chondrocyte viability, as assessed by a total joint score of cell
death, showed no effect of sham procedure (P¼ 0.13; pow-
er¼ 0.86). There was no difference in chondrocyte death between
low and high energy fractures (P¼ 0.68; power¼ 0.40) [Fig. 3(A)].
However, fracture resulted in reduced chondrocyte viability overall
with the total joint score of chondrocyte cell death being greater in
the experimental limb than the contralateral control limb (P¼ 0.01)
in both the anterior and central regions of the knee joint [Fig. 3(A)].
In examining the effect of location within the joint, chondrocyteFig. 2. Low energy (A) and high energy (B) fractures of the mouse tibial plateau. Radiogra
microCT cross-section (right, scale bar¼ 1 mm) demonstrating joint morphology of fracturedeath in the experimental limbwas greater than the control limb in
the lateral femoral condyle (P¼ 0.003), medial femoral condyle
(P¼ 0.04) and lateral aspect of the tibial plateau (P¼ 0.02)
[Fig. 3(B)]. Additionally, cell death was greater in the lateral tibia
than the medial tibia in the experimental limb (P¼ 0.0002) for the
anterior region of the knee [Fig. 3(B)]. There was also an effect of
time on chondrocyte viability, as more cell death occurred at day 7
post-fracture (2.31.0) as compared to day 0 (0.8 0.8; P¼ 0.03)
and day 1 (0.5 0.5; P¼ 0.04) post-fracture within the lateral
aspect of the tibial plateau in the fractured limb.
Morphological bone changes were evident in the fractured
limbs (Table II). Within the tibial plateau (Table II), all fractures
showed a decrease in subchondral bone thickness within 7 days of
fracture (P¼ 0.02) compared to contralateral control limbs, but no
statistically signiﬁcant difference was found between low and high
energy fractures. However, there was a signiﬁcant decrease in bone
density in high energy fractures compared to low energy fractures
in the tibial plateau (P¼ 0.05). Within the tibial metaphysis
(Table II), all fractures showed a decrease in bone density compared
to control limbs (P¼ 0.003) but no signiﬁcant difference was found
between low and high energy fractures. Within the femoral
condyles (Table II), both bone density (P¼ 0.004) and cancellous
bone fraction (P¼ 0.01) were decreased with fracture compared to
control limbs, and high energy fractures demonstrated greater
decreases in bone density than low energy fractures (P¼ 0.02).
High energy fractures had a greater degree of liberated cortical
bone surface area (7.2 2.1 mm2), indicating greater comminution
[Fig. 4(A)], than low energy fractures (3.3 2.0 mm2; P¼ 0.03). A
linear trend (R2¼ 0.70, P¼ 0.01) between liberated surface area and
energy absorbed in fracture was observed [Fig. 4(B)].
For low and high energy fractures, there were no signiﬁcant
differences in synovitis scores between fractured and contralateralph (left), microCT three-dimensional rendered image (middle, scale bar¼ 1 mm), and
s at t¼ 0 day post-fracture.
Fig. 3. Chondrocyte cell death as assessed by NBT nuclear stain (n¼ 3 per group per timepoint). Vertical bars denote 95% CI. (A). The total joint score (maximum possible total joint
score¼ 20) of cell death was greater in the fractured experimental limb than the contralateral control limb in both the anterior and central regions of the knee joint (*P¼ 0.014 for
anterior region, P¼ 0.016 for central region). (B). Cell death by location in the joint (maximum possible site score¼ 5) was greater in the fractured experimental limb than the
contralateral control limb (*P¼ 0.003 for lateral femur, P¼ 0.04 for medial femur, P¼ 0.001 for lateral tibia), and cell death was signiﬁcantly greater in the lateral tibial than the
medial tibia in the fractured experimental limb (P¼ 0.0002) for the anterior region of the knee. For all measures of chondrocyte cell death there was no signiﬁcant difference
between low energy and high energy fractures.
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synovitis scores for fractured limbs were signiﬁcantly higher than
the non-fractured control limb at three sites [Fig. 5(A)]: the lateral
tibia (P¼ 0.043), lateral femur (P¼ 0.043), and medial tibia
(P¼ 0.043). Among fractured limbs alone, lateral tibia scores were
signiﬁcantly higher than both medial site scores (medial tibia,
P¼ 0.010; and medial femur, P¼ 0.030). For high energy fractures
at day 7, synovitis scores for fractured limbs were signiﬁcantly
higher than the non-fractured control limb at all sites [Fig. 5(B)]:Table II
Bonemorphometry parameters for contralateral control and fractured experimental limbs
(n¼ 8 per group per timepoint; mean 95% CI)
Low energy
t¼ 0 (days)
Tibial plateau
Subchondral thickness (mm)* Control limb 160 19k
Experimental limb 151 15k
Bone density (mg/cm3)y Control limb 1,058 24
Experimental limb 1,054 15
Tibial metaphysis
Bone density (mg/cm3)z Control limb 971 25
Experimental limb 930 26
Femoral condyles
Bone density (mg/cm3)x Control limb 1,058 14k
Experimental limb 1,053 15k
Cancellous bone fraction* Control limb 0.75 0.0
Experimental limb 0.72 0.0
Post-hoc analysis: values with different symbols are signiﬁcantly different from one ano
* Indicates signiﬁcant difference by limb at day 7.
y Indicates signiﬁcant difference by limb and fracture energy.
z Indicates signiﬁcant difference by limb.
x Indicates signiﬁcant difference by limb and fracture energy at day 7.the lateral tibia (P¼ 0.043), lateral femur (P¼ 0.043), medial tibia
(P¼ 0.043), and medial femur (P¼ 0.043). Among fractured limbs
alone, lateral tibia scores were signiﬁcantly higher than only the
medial femur site scores (P¼ 0.010). Representative images of the
lateral tibia grading site for contralateral control and fractured
experimental limbs 7 days post-fracture are shown [Fig. 5(B)].
Applied fracture energy was signiﬁcantly correlated with synovitis
score in the synovial lining layer at the medial tibia only (Spearman
correlation, r¼ 0.46). There were no other signiﬁcant correlationsas assessed bymicroCT for the tibial plateau, tibial metaphysis, and femoral condyles
fractures High energy fractures
t¼ 7 (days) t¼ 0 (days) t¼ 7 (days)
,{ 182 27k 152 19k,{ 168 29k
137 17{ 147 18k 138 15{
1,063 41 1,047 18 1,045 30
1,042 30 1,034 16 1,036 34
982 20 967 30 964 42
960 34 949 16 942 50
1,061 16k 1,049 17k 1,055 17k
1,045 21{ 1,037 9k 1,028 14#
4k 0.74 0.06k 0.74 0.03k 0.75 0.03k
5k 0.63 0.08{ 0.69 0.05k 0.59 0.08{
ther (P< 0.05).
Fig. 4. (A). MicroCT images were segmented using a semi-automated custom software in both the intact contralateral control limb (left) and fractured experimental limb (right).
These models were then registered to each other using an iterative closest point technique, and were used to calculate liberated surface area. (B). Fracture severity, as measured
from the liberated surface area, was well correlated to the energy of fracture, as calculated from the load-displacement data (R2¼ 0.70).
Fig. 5. Assessment of synovitis in low and high energy fractures (n¼ 5 per group per timepoint). (A). Synovitis scores at 0 and 7 days post-fracture. Vertical bars denote95% CI. (B).
Representative histologic sections of the synovial insertion (Sy) at the medial tibia (MT) and lateral tibia (LT) in contralateral control and fractured experimental limbs at 7 days post-
fracture (H&E stain; 400 magniﬁcation).
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liberated surface area.
There was no signiﬁcant difference between modiﬁed Mankin
scores in the articular cartilage between low and high energy
fractures (P¼ 0.22; power¼ 0.21). Additionally, modiﬁed Mankin
scores did not reveal any signiﬁcant difference between fractured
experimental and contralateral control limbs at 0 and 7 days post-
fracture (day 0, experimental vs control: 21.3 6.2 vs 22.6 9.9;
day 7 experimental vs control: 17.8 7.7 vs 20.8 6.4; P¼ 0.64;
power¼ 0.25). However, there was a correlation between Mankin
score and chondrocyte death (log(Mankin) vs log(NBT); R2¼ 0.38,
P¼ 0.001). Of the individual components assessed with the
Mankin grade, only structural changes within the articular carti-
lage correlated with increased chondrocyte death (R2¼ 0.28,
P¼ 0.01).
For cartilage and joint-capsule derived biomarkers, serum levels
of HA increased signiﬁcantly at day 1 (P¼ 0.0005) for all fractures
and trended upwards at all timepoints post-fracture, although
there was no effect of fracture type (Table III). Serum levels of
COMP also trended upwards at all timepoints post-fracture but
there was no signiﬁcant difference at any timepoint (P¼ 0.31;
power¼ 0.30) (Table III). Interestingly, systemic COMP levels did
correlate with chondrocyte death (log(COMP) vs log(NBT);
R2¼ 0.19, P¼ 0.03).
For inﬂammatory cytokines, there were lower serum levels of
IL-1a at day 3 for all fractures, although there was no effect of
fracture type (Table III). There also appeared to be a transient
increase in serum levels of IL-1b at day 5 for all fractures (P¼ 0.27;
power¼ 0.49) and a decrease in IL-10 at day 7 for high energy
fractures (P¼ 0.14; power¼ 0.41), although these trends were not
signiﬁcant (Table III). For the other inﬂammatory cytokines evalu-
ated, there was no signiﬁcant effect of fracture or fracture severity
on serum levels at any timepoint after fracture.Table III
Circulating serum levels of biomarkers and cytokines (n¼ 3e4 per group per timepoint;
Pre-fx Post-fx day 0 Post-fx day
Biomarkers (ng/mL)
HA* Non-fractured 501 291y,z
Low energy fracture 405 91y,z 1,078 4,9
High energy fracture 352 205y,z 1,486 9,3
COMP Non-fractured 206 86
Low energy fracture 223 67 247 78
High energy fracture 258 70 304 48
Pro-inﬂammatory cytokines (pg/mL)
IL-1a* Non-fractured 143 57y
Low energy fracture 142 111y 91 47
High energy fracture 258 70y 304 48
IL-1b Non-fractured 64 33
Low energy fracture 82 24 76 45
High energy fracture 69 31 72 18
TNF-a Non-fractured 568 523
Low energy fracture 1,278 885 1,455 14
High energy fracture 1,243 1,857 815 3,6
IL-6 Non-fractured 84 195
Low energy fracture 36 18 65 68
High energy fracture 31 24 36 71
Anti-inﬂammatory cytokines (pg/mL)
IL-4 Non-fractured 1.19 0.72
Low energy fracture 1.45 0.22 1.69 14
High energy fracture 1.27 1.02 1.55 4.0
IL-10 Non-fractured 59 39
Low energy fracture 83 74 159 1,6
High energy fracture 65 95 97 24
* Values with different symbols are signiﬁcantly different from one another (P< 0.05)Discussion
This study demonstrates that in a closed intra-articular fracture
in the mouse knee, increasing energy of fracture was associated
with greater acute pathology in the bone and synovium and with
increasing comminution compared to control limbs. These changes
included increased synovitis throughout the entire joint and
greater changes in bone morphology. Both low and high energy
fractures were associated with lateral joint pathology, but only high
energy fractures resulted in inﬂammation medially, with higher
energy fractures demonstrating more global joint synovitis. The
applied energy of fracture was signiﬁcantly correlated with degree
of liberated cortical bone surface area, indicating greater commi-
nution. Fracture of the articular surface signiﬁcantly increased
serum concentrations of HA 1 day after fracture. While the pres-
ence of an articular fracture signiﬁcantly reduced chondrocyte
viability, there was no relationship between increasing fracture
severity and chondrocyte viability, cartilage pathology, or systemic
levels of cytokines and biomarkers, at least in the acute setting after
articular fracture examined in this study.
Although the direct mechanisms linking traumatic joint injury
and the development of PTA are not well understood, intra-
articular fractures are commonly associated with development of
the disease, and clinical outcomes are closely linked to the severity
of trauma and subsequent degeneration of the articular cartilage2.
Clinically, more complex intra-articular fractures are associated
with higher energy injuries, and patients with more complex
articular injuries had a worse outcomes3. The severity of commi-
nution may play the greatest role in the long-term functionality of
the joint after trauma23. Our data suggest that fracture severity is
signiﬁcantly associated with increased pathology in the synovium
and bone in the joint. These ﬁndings support an “organ-level”
conceptualization of the joint as most appropriate in regard to itsmean 95% CI)
1 Post-fx day 3 Post-fx day 5 Post-fx day 7 Sham day 7
319 134y,z
32x 465 538z 601 203x 652 170x
02x 5,355 2,869z 639 432x 717 344x
223 74
4 252 368 231 94 295 90
3 259 94 253 367 311 1,057
88 72y
4 47 341z 162 29 93 76
3 259 94z 253 367 311 1,057
60 40
9 53 50 232 454 87 59
3 75 229 183 509 101 553
611 871
,848 704 2,128 4,033 11,448 1,218 1,796
39 957 1,769 979 1,427 1,076 6,496
20 25
3 105 1,120 108 283 23 23
49 358 27 37 30 118
0.87 0.59
.55 0.66 0.19 1.51 1.17 1.07 1.33
7 1.26 0.13 1.29 1.45 1.78 12.58
48 64
30 70 131 124 161 63 27
2 60 4 58 82 40 478
.
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acute pathology in another through various mechanisms. For
example, a recent in vitro co-culture study showed that mechanical
injury to cartilage in the presence of joint-capsule tissue explants
shifted chondrocyte metabolism towards pro-catabolic pathways
that may result in matrix degradation33. Several researchers now
propose that processes affecting either cartilage, bone, or synovium
eventually intertwine and collectively damage all three compo-
nents as well34e36. In the acute 7-day period of our study minimal
changes in cartilage pathology were observed, but increasing injury
to the articular surface appears to result in greater synovitis, which
may contribute to long-term dysregulation of chondrocyte function
and lead to degenerative changes in the articular cartilage charac-
teristic of PTA. Further characterization of the early events
following trauma and an improved understanding of their inter-
relationships could aid in the treatment and prevention of PTA
following articular fracture.
In order to assess regional variation in chondrocyte viability
through the depth of the cartilage, a cross-section of the articular
cartilage was needed. For confocal microscopy, this required
bisecting the joint in the coronal plane to obtain a cross-sectional
view of the articular cartilage. This was technically challenging
because of the small size and instability of the fractured mouse
knee joint resulted in disruption of the articular surface. As an
alternative to a ﬂuorescent live/dead assay with confocal micros-
copy, chondrocyte viability was assessed using NBT. NBT is cell-
permeable and metabolized by live cells to form a blue formazan
product which remains stable to standard histological preparation
and parafﬁn-embedding. A possible limitation of NBT is that cell
death may be overestimated because live cells with altered meta-
bolic activity may be counted as dead cells. However, Lewis et al.
showed excellent correlation between NBT and confocal micro-
scopy with a live/dead assay for the assessment chondrocyte
viability in traumatically impacted cartilage26,27.
This model uses an “organ-level” approach to study joint injury.
By utilizing a closed-joint model, a limitation is that the speciﬁc
stresses and strains on the cartilagearenotknown. In thismodel, the
initial aspects of loading are similar between the two groups.
However, our data demonstrated a signiﬁcant correlation between
applied fracture energy and degree of cortical bone liberated surface
area. These injury severity measures differed signiﬁcantly between
the two groups. Previous investigators have characterized this
relationship using a drop-tower and a uniform sample of bovine
bone from the midshaft of the tibia4. This concept of determining
liberated surface area has been applied to fractures of the distal tibia
in humans as a method of determining injury severity37. Despite
having a closed-joint, in vivomodel of fracture and a relatively small
sample size, our results demonstrated similar trends in the rela-
tionship between liberated surface area and applied load. In both
these models, high energy fractures resulted in more comminution
compared to low energy fractures. These results indicate that our
closed-joint, in vivomodel results in fractures that can be controlled
by the load-displacement proﬁle and is consistent with other clin-
icalmeasures of joint fracture severity described in the literature4,37.
As the techniqueof determining liberated surface areaviamicroCT is
time intensive, these results indicate that, for future studies, the use
of energy of fracture is an appropriate measure of injury severity in
place of liberated surface area.
MicroCT analysis revealed decreased bone density with fracture
in the femoral condyles, tibial plateau andmetaphysis. These trends
were similar to those observed in the pilot study of this mouse
model38. There was also a signiﬁcant decrease in subchondral bone
thickness over the course of 7 days. This loss of subchondral bone
along with decreased bone density following fracture may be
analogous to periarticular bone loss associated with inﬂammationand active synovitis in early rheumatoid arthritis39,40. Disuse of the
injured limb may also contribute to bone loss. However, this
mechanism of bone loss may be unlikely as limb immobilization
models in the mouse only show signiﬁcant decreases in bone after
10 days of immobilization41. Further work is needed to understand
the signiﬁcance of this early bone resorption.
Chondrocyte viability was signiﬁcantly affected by proximity to
the fracture site, with the greatest cell death occurring in the lateral
aspect of the tibial plateau, corresponding to the location of most
fractures. Chondrocyte death also signiﬁcantly increased, however,
in the lateral and medial femoral condyles compared to the
contralateral control limb, indicating a complex response by all
articular surfaces of the joint. Although fractures were initiated
from an anterior approach, anterior and central regions within the
joint demonstrated similar levels of chondrocyte death. Chon-
drocyte death in experimental limbs also increased with time. The
delay to maximal cell death is similar to trends observed in human
cartilage after traumatic joint injury that may implicate apoptosis
in chondrocyte death42. In addition, this time frame is consistent
with previous studies and may suggest that some chondrocytes
undergo immediate necrosis while others progress through the
apoptotic pathway and die several days after injury43e46. However,
the chondrocyte viability assay used in this study precluded
subsequent determination of apoptosis, and thus it is unclear
whether cell death can be attributed speciﬁcally to necrosis or
apoptosis. Future investigations might further address this issue.
Biomarkers such as HA or COMP are useful indicators of cellular
processes and presumably, the severity of joint disease by mini-
mally invasive means47e49. Serum levels of HA increased signiﬁ-
cantly on day 1 after both high and low energy fractures. Both
serum HA and COMP have been shown to predict disease outcome
in knee50 and hip OA51 and to correlate with OA progression50e56 in
humans. Further identiﬁcation of the roles of these and other novel
biomarkers in future studies may provide powerful tools for the
measurement of disease severity in PTA.
This study demonstrates that increased severity of closed
articular fracture in the mouse knee is signiﬁcantly associated with
increased synovitis throughout the joint, increased degree of
cortical bone fragmentation, and greater bone morphometric
changes.We have also shown that fracture of the articular surface is
associated with signiﬁcantly increased cell death and transient
increases in HA and COMP. The precise role of acute pathology in
various joint tissues following fracture in the ultimate progression
to PTA remains unknown. Further characterization of the early
events following trauma could aid in the treatment and prevention
of PTA following articular fracture.Contributions
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